Summary To determine whether lipid peroxidation induced by reactive oxygen species (ROS) is a causal factor of neurodegeneration during brain aging, we investigated whether F2-isoprostanes, non-cyclooxygenase-derived prostanoids, are formed in the rat brain and plasma by hyperoxia as oxidative stress, and whether their formation is associated with vitamin E status in vivo in association with changes that occur during brain aging. Young rats subjected to hyperoxia for 48 h revealed a marked increase in the levels of F2-isoprostanes in the brain, but not in plasma. A similar increase in F2-isoprostane level was observed in aged rats kept in normal atmosphere. Vitamin E supplementation to young rats markedly inhibited F2-isoprostane formation even after hyperoxia. In contrast, vitamin E-deficient young rats kept in normal atmosphere showed a significant increase in F2-isoprostane level in the brain. These findings indicate that F2-isoprostane formation in the brain has important implications in the etiology of neurodegenerative diseases including Alzheimer's disease during aging, and that the analysis of F2-isoprostane level in plasma does not always reflect neuronal damage cause by oxidative stress. Vitamin E may protect neuronal damage in the brain caused by oxidative stress experienced for a long period during aging.
Introduction
According to the free radical theory of aging proposed by Harman [1] , numerous studies have demonstrated significantly increased irreparable oxidative damage to lipids, proteins, and DNA during aging [2] [3] [4] [5] . Products from such oxidative damage are thought to be induced by oxidative stress, which is caused by the imbalance between reactive oxygen species (ROS) generation and antioxidant defenses, leading to several physiological dysfunctions. Among organs, the brain is more susceptible to oxidative stress than other organs due to its high polyunsaturated-lipid-rich neuronal parenchyma content, high oxygen consumption accounting for one-fifth of the total systemic consumption, low catalase activity and moderate superoxide dismutase and glutathione peroxidase activities, and accumulation of neurotoxic iron, which induces ROS, during aging [6] [7] . Consequently, neurodegeneration is speculated to be mediated by ROS-induced peroxidative damage through *To whom correspondence should be addressed. Tel: +81-3-5476-2429
Fax: +81-3-5476-3162 E-mail: Urano@sic.shibaura-it.ac.jp chronic oxidative stress experienced over a long period during aging.
Our previous study showed that young rats subjected to hyperoxia as oxidative stress reveal marked deficits in learning and memory functions, and that the delayed-type apoptosis of pyramidal cells is induced after oxidative stress [8] . These abnormalities are also observed in both old rats and vitamin E-deficient young rats not subjected to oxidative stress [9] . Morphological changes in the brain caused by oxidative stress have shown that, in rats subjected to hyperoxia, synaptic vesicles containing neurotransmitters abnormally accumulate in nerve terminals, resulting in a marked reduction in the level of acetylcholine released from synapses [10] . In association with these changes caused by oxidative stress, the levels of thiobarbituric acid reactive substances (TBARS) and conjugated dienes are increased significantly by oxidative stress in presynaptic plasma membranes, and the activities of antioxidative enzymes and vitamin E content in the brain decrease markedly, as have been shown in a biochemical study [2] .
Although TBARS, conjugated dienes and lipid hydroperoxides (LOOH) have been widely used as quantitative biomarkers of lipid peroxidation in vivo, the analysis of these oxidized products did not reveal a validity owing to their chemical instability and lack of sensitivity or specificity; for instance, TBARS are detected as a result of a reaction of thiobarbituric acid with aldehydes other than malondialdehyde, as well as non-lipid-related chromogens. Furthermore, LOOH decompose readily through a process catalyzed by transition metal ions to form various aldehydes [11] . Hence, the availability of a reliable approach to assessing oxidative damage in living tissues has been expected.
Analysis of protein-bound 4 hydroxy-2-nonenal, which is a lipid peroxidation product, is considered to be a reliable way as a marker of oxidative stress due to its high specific sensitivity to the antibody [12] . However, the wide-ranging studies have not been carried out in detail in neurodegeneration and aging. Since Morrow et al. found chemically stable F2-isoprostanes that are produced nonenzymatically by the ROS-induced peroxidation of arachidonic acid in vivo [13] , 15 years ago, the measurement of F2-isoprostane level has emerged as an easy and reliable approach to assessing oxidative stress status in living tissues [14] . In neurodegenerative diseases including Alzheimer's disease, markedly elevated levels of F2-isoprostanes in the brains, cerebrospinal fluid, and plasma compared with those in controls have been reported [15] [16] [17] . On the basis of these results, it is important to determine whether F2-isoprostane formation in the brain is associated with brain damage caused by oxidative stress during aging. Therefore, we examined the influence of oxidative stress on the formation of isoprostane F2α-III (iPF2α-III) and -VI (iPF2α-VI) (Fig. 1) in the rat brain and plasma in association with the levels of these isoprostanes in normal aged rats. Furthermore, an attempt was made to evaluate the inhibitory effect of vitamin E on F2-isoprostane formation of in the brain.
Materials and Methods

Animals
All animal experiments were performed with the permission of the Animal Protection and Ethics Committee of the Shibaura Institute of Technology. Young male Wistar rats (3 months old, Japan SLC Co., Hamamatsu, Japan) and vitamin E-supplemented young rats (3 months old, fed 200 mg of R,R,R-α-tocopherol / 100 g of diet for 9 weeks from 4 weeks old) were subjected to hyperoxia as oxidative stress in a 100% oxygen chamber at room temperature for 48 h as described previously [18] . For comparison with oxygenexposed rats as regards the influence of hyperoxia, aged rats (27 months old, obtained from Tokyo Metropolitan Institute of Gerontology, Tokyo, Japan) and vitamin E-deficient rats (3 months old, fed vitamin E-deficient diet for 9 weeks from 4 weeks old; no tocopherols were detected by HPLC, Funabashi Nojyo, Chiba, Japan) were kept in normal atmosphere for 48 h.
Analysis of isoprostane F2α-III and isoprostane F2α-VI levels in rat brain and plasma
After the rat brain was homogenized in phosphatebuffered saline (PBS, pH 7.4), 1% butylated hydroxytoluene (BHT) (Wako Pure Chemicals, Osaka, Japan) was added to the homogenate to prevent auto-oxidation. During sample extraction and processing, 16 in the brain were extracted with 4 ml of an ice-cold mixture of chloroform / methanol (2:1, v / v), three times. The mixture was vortexed and centrifuged at 3000 rpm for 15 min at 4°C. The organic phase containing the extracted lipids was dried under nitrogen. Then the residue obtained was dissolved in 500 µl of methanol, and 500 µl of 15% KOH aqueous solution was added to the resulting solution. The mixture was incubated at 37°C for 90 min to effect hydrolysis and the release of total iPF2α-III and iPF2α-VI. After acidification with 15% HCl to pH 3.0, the mixture was extracted with 2 ml of an ice-cold mixture of chloroform / methanol (2:1, v / v), three times. Then the organic phase was dried under nitrogen to yield the samples. For the extraction of plasma lipids, heparinized blood was centrifuged at 3000 rpm for 15 min at 4°C to obtain plasma. Then 16 µg of [
2 H4] iPF2α-III and 16 µg of [ 2 H4] iPF2α-VI were added as internal standards. After acidification with 15% HCl to pH 3.0, the mixture was passed through a C18 Sep-Pak column (Waters Corporation, Massachusetts, U.S.A.), followed by washing of the column with 1 ml of 1 mN HCl and 1 ml of heptane; then 1 ml of 1% methanol in ethyl acetate was passed through the C18 Sep-Pak column. The extract was evaporated under nitrogen to yield the samples. Each sample was dissolved in 100 µl of ethanol and 5 µl of the sample was analyzed by liquid chromatography-mass spectrometry (LC-MS). The free isoprostanes F2α-III and F2α-VI in the rat brain and plasma were quantified by using ion trap LC-MS, a Model M-8000 with a sonic spray ionization (SSI) interface (LC / 3DQMS, Hitachi, Tokyo, JAPAN). The analytical column used was an Inertsil ODS-3 (5 µm, 50 × 2.1 mm I.D., GL Science, JAPAN) operated at 25°C. The mobile phase was methanol-0.02% acetic acid (55:45) at a flow rate of 0.2 mL/ min. Tandem mass spectrometry (MSMS) was performed under standard conditions at a drift voltage of 60 V. The sampling aperture was heated at 150°C and the shield temperature was set to 230°C. Nitrogen gas was used as carrier gas with an output pressure of 0.50 MPa and an ion source inlet pressure of 0.39 MPa.
Statistical analysis
Data are presented as mean ± SE. All data were assessed by ANOVA and only P values lower than 0.05 were regarded as statistically significant.
Results
As shown in Fig. 2 , the iPF2α-III content in the rat brain was higher than that in the plasma in the young and aged rats. When the young rats were subjected to hyperoxia as oxidative stress, the level of iPF2α-III in the rat brain significantly increased. However, no significant increase in plasma iPF2α-III level was observed.
The aged rats kept in normal atmosphere revealed a marked increase in iPF2α-III level in the brain by approximately 1.5-fold that measured in the young rats subjected to hyperoxia. In the vitamin E-deficient young rats kept in normal atmosphere, the iPF2α-III level in the brain was higher than those in the normal young control rats. However, plasma iPF2α-VI level in the vitamin E-deficient rats did not increase.
On the other hand, iPF2α-III levels in both the brain and plasma of the vitamin E-supplemented young rats not subjected to hyperoxia markedly decreased. When the vitamin E-supplemented young rats were subjected to hyperoxia, iPF2α-III formation in the brain was significantly inhibited even after oxidative stress, although a weaker inhibition of iPF2α-III formation was observed in the plasma.
According to the F2-isoprostane levels in Alzheimer's disease obtained by Pratico et al. [19] , iPF2α-VI levels in the rat brain and plasma were also analyzed to assess lipid peroxidation in neurodegeneration caused by hyperoxia and aging. Similar results were obtained from assays of iPF2α-VI levels in the rat brain and plasma (Fig. 2) . Although iPF2α-VI levels in the brain and plasma of the old rats kept in normal atmosphere significantly increased compared with those of the young control rats, there was no significant difference between the iPF2α-VI levels in the brain and plasma of the young rats subjected to hyperoxia and those of the young Fig. 2 . Changes in iPF2α-III levels in rat brain and plasma caused by oxidative stress and aging, and its inhibition by vitamin E. Open bars, 3-month-old rats kept in ordinary atmosphere; closed bars, 3-month-old rats subjected to hyperoxia; dotted bars, vitamin E-deficient 3-month-old rats kept in ordinary atmosphere; slashed bars, 24-month-old rats kept in ordinary atmosphere; mesh bars, vitamin E-supplemented 3-month-old rats kept in ordinary atmosphere; and lateral striped bars, Esupplemented 3-month-old rats subjected to hyperoxia. P<0.05, P<0.01 versus 3-month-old rats kept in ordinary atmosphere; n = 9 each group for rats.
control kept in normal atmosphere. However, the young rats subjected to hyperoxia still revealed a tendency of an increase in iPF2α-VI level in the brain. Vitamin E supplementation inhibited iPF2α-VI formation in the brain and plasma even after the vitamin E-supplemented group was subjected to hyperoxia. However, the vitamin E-deficient group showed an elevated iPF2α-VI level in the brain, but not in the plasma.
Discussion
Among several theories that explain the mechanism of aging, the non-genetic free radical theory of aging is one of the most attractive because some of the aspects can be explained experimentally. This theory states that most changes during aging are caused by free radical reactions and the formation of lipid peroxides in living tissues, which lead to age-related damage and eventually to various aging processes and phenomena [1] .
It has been indicated that a decline in sensibility with aging, followed by neurodegenerative disorders are associated with by oxidative damage of nervous system during aging. ROS generated by chronic oxidative stress which is experienced over a long period may attack the brain, leading to aging and neurodegeneration [20] . In fact, young rats subjected to hyperoxia as oxidative stress and normal aged rats show an increase in the amount of denatured lipids at nerve terminals that is, TBARS and conjugated diene [2] , accumulation of amyloid β in the hippocampus, and neuron apoptosis, resulting in deficit in cognition [9, 21] . Thus, reactive products of lipid peroxidation have been considered for long time to be a causal factor of neurodegenerative diseases.
However, efforts to evaluate lipid peroxidation status in damaged organs caused by oxidative stress have been hampered by markers having limited value due to their chemical instability and lack of specificity or sensitivity.
F2-isoprostans are prostaglandin isomers that are produced by free radical attack on arachidonic acid in situ in membrane phospholipids. They are a favorable index of oxidative stress in vivo, because they are chemically stable compounds and specific reactive end products of lipid peroxidation [13] .
Since the levels of the isomers of prostaglandin F2α, namely, iPF2α-III and iPF2α-VI (Fig. 1) are markedly elevated in the brain of Alzheimer's disease patients [17, 19] , we investigated the influence of oxidative stress on the formation of iPF2α-III and iPF2α-VI in the brain and plasma of young rat subjected to hyperoxia as oxidative stress in association with the levels observed in those of aged rats. The level of iPF2α-III in the brain of young rats was markedly elevated by oxidative stress and aging, although an insignificant increase in iPF2α-III level was observed in the plasma (Fig. 2) . In addition, the iPF2α-III level in the plasma was lower than that in the brain. It has been recognized that F2-isoprostanes are initially produced by ROS as esters of phospholipids in all biological tissues, followed by the hydrolysis of the esters through phospholipase action to release free F2-isoprostane into biological fluids [14] . Hence, the difference of the iPF2α-III levels between rat brain and plasma in this study implies that esterified iPF2α-III is accumulated in the brain due to suppressed hydrolytic action, resulting in a slow release of iPF2α-III into the blood circulation. This idea is based on the fact that the rats are subjected to a relatively short period of oxidative stress in this study. In fact, in chronic diseases caused by oxidative stress, but not short-term oxidative stress, steady rates of esterified iPF2α-III formation and release of free iPF2α-III from phospholipids into the blood circulation have been observed [14] . Indeed, we also found that aged rats kept in normal atmosphere revealed a significant increase in iPF2α-III level in the plasma (Fig. 2) . However, since the rat brain homogenates were hydrolyzed using 15% KOH, it is impossible in this study to substantially assess esterified iPF2α-III level in the brain, so that further analysis is necessary. The changes in iPF2α-VI level caused by oxidative stress and aging were similar to the changes in iPF2α-III level observed in the brain and plasma of young and aged rats, although the iPF2α-VI level was low compared with the iPF2α-III level (Fig. 3 ). Although we were not able to determine the reason for the low iPF2α-VI levels in the brain Fig. 3 . Changes in iPF2α-VI levels in rat brain and plasma caused by oxidative stress and aging, and its inhibition by vitamin E. Open bars, 3-month-old rats kept in ordinary atmosphere; closed bars, 3-month-old rats subjected to hyperoxia; dotted bars, vitamin E-deficient 3-month-old rats kept in ordinary atmosphere; slashed bars, 24-month-old rats kept in ordinary atmosphere; mesh bars, vitamin E-supplemented 3-month-old rats kept in ordinary atmosphere; and lateral striped bars, Esupplemented 3-month-old rats subjected to hyperoxia. P<0.05, P<0.01 versus 3-month-old rats kept in ordinary atmosphere; n = 9 each group for rats.
and plasma, it is likely that the formation of iPF2α-III induced by ROS is more extensive than iPF2α-VI formation in the brain and plasma. Recently, Youssef et al. reported that levels F2-isoprostanes in the rat brain do not increase with age, and hence, aging is not accompanied by enhanced brain susceptibility to oxidative stress [22] . These findings are incompatible with our results in this study. Although the reason for this discrepancy is not obvious, it may result from the differences of analytical methods and expression of the levels of F2-isoprostanes in the brain. When they analyzed F2-isoprostanes in the brain using gas chromatography-mass spectrometry, these compounds were converted to trimethylsilyl derivatives. Furthermore, results reported were expressed as ng/ g tissue. Usually, wet brain weights are different dependent on experimental animals used, so that results obtained may sometimes make errors. Since in this study, results were expressed as p mol/ mg protein in the brain, the discrepancy is considered to result from these differences.
When the formations of TBARS and iPF2α-III induced by oxidative stress in the rat brain were compared, the TBARS level was markedly higher than the iPF2α-III level observed in this study by approximately 2,000-fold [2] . These results suggest that too high TBARS level was detected as a result of the reaction of thiobarbituric acid with aldehydes other than malondialdehyde, as well as nonlipid-related chromogens; hence, the level of iPF2α-III formed was low. Consequently, TBARS level in the brain does not always reflect actual oxidative brain damage, so that utilizing F2-isoprostan level may indicate a role of ROS in neurodegeneration caused by oxidative stress.
It is well recognized that vitamin E acts as a physiologically potential antioxidant for scavenging ROS generated in tissues. In vitamin E deficiency, the living body is susceptible to continuous oxidative stress, resulting in extensive oxidative damage. In fact, the levels of iPF2α-III and iPF2α-VI in the brain of the vitamin E-deficient young rats kept in normal atmosphere were markedly elevated (Fig. 2) . On the other hand, the vitamin E-supplemented young rats revealed a marked decrease in the levels of both F2-isoprostanes in the brain even after hyperoxia. The levels of both F2-isoprostanes in the brain of the vitamin Esupplemented young rats kept in normal atmosphere also decreased significantly. Our previous results suggest that levels of vitamin E in brain of the normal young rats and the vitamin E-deficient young rats were 1.98 µg / mg lipids and 0.97 µg / mg lipids, respectively. On the other hand, the vitamin E-supplemented young rat revealed a significant increase in vitamin E level in the brain (2.57 µg / mg lipids) [3] . Consequently, these results obtained imply that F2-isoprostane level is down-regulated with the administration of antioxidants to suppress lipid peroxidation, as previously reported [23] .
In conclusion, F2-isoprostanes are chemically stable endproducts of lipid peroxidation, whose levels are elevated in the brain, but not plasma, by oxidative stress and during aging, and vitamin E prevents the formation of these lipid peroxides. Although interestingly, the observations obtained in this study are consistent with the time of appearance of neuronal cell death and amyloid-β in the rat brain caused by oxidative stress [21] , whether or not this is correlated with neurodegeneration and the deficit in cognition needs further investigation.
